In this paper, we present optimized aperiodic structures for use as narrowband, highly directional thermal infrared emitters for both TE and TM polarizations. These aperiodic multilayer structures designed with alternating layers of silicon and silica on top of a semi-infinite tungsten substrate exhibit extremely high emittance peaked around the wavelength at which the structures are optimized. Structures were designed by a genetic optimization algorithm coupled to a transfer matrix code that computed thermal emittance. First, we investigate the properties of the genetic-algorithm-optimized aperiodic structures and compare them to a previously proposed resonant cavity design. Second, we investigate a structure optimized to operate at the Wien wavelength corresponding to a nearmaximum operating temperature for the materials used in the aperiodic structure. Finally, we present a structure that exhibits narrowband and highly directional emittance for both TE and TM polarizations at the frequency of one of the molecular resonances of carbon monoxide (CO); hence, the design is suitable for the emitting portion of a detector of CO via absorption spectroscopy.
INTRODUCTION
The thermal emittance of both bulk materials and textured structures has been widely investigated in recent years. Bulk thermal emittance sources (such as tungsten) possess incoherent, isotropic, and broadband radiation spectra that vary from material to material; however, it is well known that these radiation spectra can be drastically altered by utilizing textured surfaces [1] , multilayer structures, or even threedimensional constructions [2] possibly in tandem with a bulk material substrate. From highly directional emitters (antennae) to quasi-coherent radiation sources [3, 4] (lasers), as well as solar photovoltaics [5, 6] , these emitters may have many uses due to their emittance spectra altering properties.
Several approaches have been used to achieve narrowband, highly directional thermal emittance. One of these approaches, with one-dimensional photonic crystals, employed a periodic quarter-wave stack with a half-wavelength resonant cavity as well as tungsten or silver substrate. This design resulted in the bulk substrate exhibiting directional, tunable, wavelengthselective emittance [7] . A similar outcome was realized using periodic one-dimensional metallic photonic crystal slabs [8] . Another approach to achieve coherent thermal emittance is to use gratings [9] [10] [11] or textured metal surfaces [12] . Other approaches include utilizing metamaterials [13] or shock waves propagating through a crystal [14, 15] to achieve this end. Finally, narrowband, highly directional transmittance can be achieved by a photonic heterostructure consisting of two onedimensional defective photonic crystals [16] .
In this paper, we focus on aperiodic multilayer structures of alternating layers composed of silicon and silica above a tungsten substrate to produce narrowband, highly directional thermal emission for both TE and TM polarizations. Onedimensional layered structures without texturing are preferable to more complex two-and three-dimensional structures because of the relative ease and low cost of fabrication. Our narrowband, highly tunable infrared emitter exhibits highly narrow angular emittance. We achieve this emittance profile by utilizing a genetic optimization algorithm [17] to select each layer's thickness independently so that the structure is completely aperiodic. The choice of the fitness function proved crucial in obtaining structures with narrowband highly directional emittance. Such a device should have applications not only as a quasi-coherent radiation source, but also a gasdetection scheme, which will be discussed.
The remainder of this paper will be organized into three sections. Section 2 will discuss the computational techniques used. Section 3 is broken into three subsections. In the first subsection, (3.A) of the results, we investigate the properties of a genetic-algorithm-optimized aperiodic design and compare them to a previously proposed resonant cavity design. A discussion of an emitter tuned to the Wien wavelength of a near-maximum operating temperature for the structure follows in the next subsection (3.B). Lastly, we discuss a structure designed for an application as the emitting portion of a low-cost carbon monoxide (CO) detector (Subsection 3.C) and provide our conclusions in Section 4.
THEORY
We envision a structure composed of infinite slabs of material of varying aperiodic thicknesses as depicted in Fig. 1 . Light is incident from air at an angle θ to the structure. Utilizing the transfer matrix method [18] , we calculate the transmittance, reflectance, and absorbance of the structure for both TE and TM polarized light. We make use of experimental data for the wavelength-dependent indices of refraction, both real and imaginary parts, for silica, silicon, and tungsten [19] for the calculations done in this paper. Since the tungsten substrate is taken to be semi-infinite, the transmittance is identically zero, so that
where A TE∕TM is the TE/TM absorbance, R TE∕TM is the TE/TM reflectance, and λ is the wavelength. While we only calculate absorbance, reflectance, and, in principle, transmittance, we make use of Kirchhoff's second law and conservation of energy to equate absorbance (A TE∕TM ) and emittance (ϵ TE∕TM ) under thermal equilibrium [20] .
A. Fitness
We are interested in finding structures with highly directional and narrowband thermal emittance.
We used a genetic optimization algorithm to determine the best structure's dimensions for varying numbers of layers at a given wavelength, λ 0 . The genetic algorithm is an iterative optimization procedure, which starts with a randomly selected population of potential solutions, and gradually evolves toward improved solutions, via the application of the genetic operators. These genetic operators are patterned after the natural selection process. In the initialization function, a population of chromosomes is created by random selection of values for the genes. The genetic algorithm then proceeds to iteratively generate a new population by the application of selection, crossover, and mutation operators.
More specifically, here we use the microgenetic algorithm. It has been shown that the microgenetic algorithm avoids premature convergence and shows faster convergence to the near-optimal region compared with the conventional largepopulation genetic algorithm for multidimensional problems [17, 21, 22] . The microgenetic algorithm starts with a small random population that evolves and converges after a few generations. At this point, keeping the best individual from the previously converged generation, a new random population is chosen, and the evolution process restarts.
We use tournament selection as the selection scheme in the genetic algorithm. In this method, a subpopulation of individuals is randomly chosen from the population and made to compete on the basis of their fitness values. The individual in the subpopulation with the highest fitness value wins the tournament, and is thus selected. The remaining members of the entire subpopulation are then put back into the general population, and the process is repeated. This selection scheme converges more rapidly and has a faster execution time compared to other competing schemes [23] . Once a pair of individuals is selected as parents, the basic crossover operator creates two offspring by combining the chromosomes of their parents. We use uniform crossover rather than single point crossover, as it has been found that microgenetic algorithm convergence is faster with uniform crossover [17, 23] . An elitist strategy [24] is also employed, wherein the best individual from one generation is passed on to the next generation.
Specifically, we calculated the emittance of each structure as a function of angle for 0°≤ θ ≤ 90°. We then minimized the fitness function, Fλ 0 ,
subject to the constraint that ϵ Total λ 0 ; θ 0° ≥ 0.95. Here,
That is, we calculated the integral of the emittance over all angles θ at a given wavelength, λ 0 , and minimized it subject to the constraint that the emittance at normal incidence was at least 95%. It is interesting to note that the fitness function that we use does not impose any constraints on the wavelength dependence of the emittance, since the structures are optimized at a single wavelength; however, simply by minimizing the integral of the emittance over all angles at a single wavelength [as seen in Fig. 2 (a), for example], we also achieve narrowband emittance.
RESULTS
In this section, we discuss three genetic-algorithm-optimized structures for use as thermal emitters. The first structure is optimized to operate at λ 0 2.357 μm for ease of comparison with a previously proposed resonant cavity design. The second structure is optimized to operate at the Wien wavelength corresponding to a near-maximum operating temperature for the materials used in the structure. Finally, the third structure discussed is optimized to operate at one of the molecular transition frequencies for CO for possible use in the emitting portion of an absorption spectroscopy detector.
A. Aperiodic Emitter
Using the transfer matrix method and genetic algorithm as outlined in Section 2, we investigated the properties of the aperiodic one-dimensional structures. We chose λ 0 2.357 μm as a first example in the infrared wavelength range. For comparison, we define the angular full width at halfmaximum (FWHM) δθ n for the n-layer structure, calculating the width about θ 0°for which the emittance is larger than half of the maximum achieved value as seen in Fig. 2(a) . We also define the spectral FWHM δλ n for the n-layer structure, calculating the width about the wavelength at which we optimized the structure, λ 0 , for which the emittance is larger than half of the maximum achieved value as seen in Fig. 2(b) .
We consider structures of six, eight, and 16 layers composed of alternating layers of silicon and silica. In each case, we minimize the fitness function, Fλ 0 [Eq. (2)], subject to the constraint that the normal incidence emittance ϵ Total λ 0 ; θ 0° ≥ 0.95.
The optimized six-layer structure shows highly directional emittance with δθ 6 10.8°[ Fig. 2(a) ]. The optimized eightlayer structure improves upon this with δθ 8 7.2°. The optimized 16-layer structure improves on the six-layer and eightlayer designs by nearly a factor of four and more than a factor of two, respectively, having δθ 16 2.7°. We also compare the genetically optimized structures with a previously proposed design consisting of a periodic quarter-wavelength stack with a half-wavelength resonant cavity over a semi-infinite tungsten substrate [7] , which will heretofore be referred to as the periodic design, having δθ Periodic 26°, an angular FWHM of more than twice that of the six-layer optimized structure [ Fig. 2(a) ].
Moving to the spectral FWHM, we note that the six-layer optimized structure has δλ 6 8.8 nm [ Fig. 2(b) ]. In comparison, the eight-layer optimized structure improves by more than a factor of two with δλ 8 3.1 nm. The 16-layer structure further improves this property by a factor of six over the eight-layer structure with a δλ 16 0.5 nm. Compared to the genetic-algorithm-optimized aperiodic structures, the periodic structure exhibits much more broadband emittance, having δλ Periodic 39.7 nm [ Fig. 2(b) ]. These results can be found for at-a-glance comparison in Table 1 .
In Fig. 3 we show the profile of the electric field amplitude, normalized with respect to the field amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized aperiodic structure. The structure is excited by a normally incident plane wave at the resonant wavelength. We observe a large resonant enhancement of the electric field inside the silica layer adjacent to the tungsten substrate, which leads to greatly enhanced absorption in the substrate. Thus, one can The red dashed line depicts a four-layer quarter-wave stack of alternating layers of silicon and silica followed by a half-wavelength resonant cavity over a semi-infinite tungsten substrate tuned to λ 0 2.357 μm. (b) Emittance versus wavelength of the same structures described in (a) at normal incidence. Fig. 3 . Profile of the electric field amplitude, normalized with respect to the field amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized aperiodic structure described in Fig. 2(a) . The structure is excited by a normally incident plane wave at the resonant wavelength of λ 0 2.357 μm. think of this structure as a silica cavity sandwiched between a tungsten substrate and a partially reflective aperiodic multilayer stack composed of alternating layers of silicon and silica. We also found that, when the wavelength or the angle of incidence is shifted away from resonance, the field enhancement rapidly decreases. This is consistent with the narrowband, highly directional emittance of the structure (Fig. 2) . Overall, the periodic structure exhibited both highly directional and narrowband emittance; however, even the sixlayer genetic-algorithm-optimized aperiodic structure improved upon the directionality and increased the wavelength selectivity of the emittance, with the eight-layer and 16-layer structures further improving these features. As depicted in Fig. 2(a) , it is important to note there is a trend of increasing angular selectivity as the number of layers increases. In addition, we found that there is a decrease in the outlying emittance in the θ > 60°range as the number of layers increases. In Fig. 2(b) , a similar trend is seen: the wavelength selectivity of the emittance of the structure increases with the number of layers. Even the six-layer aperiodic structure shows vastly increased performance over the previously seen periodic design. The eight-layer aperiodic structure shows further increased performance, and the 16-layer aperiodic structure exhibits both extreme angular and spectral selectivity.
We then investigated the off-normal behavior of the emittance for both the genetic-algorithm-optimized aperiodic structures [ Fig. 4(a) ] as well as the periodic structure [ Fig. 4(b) ]. Similar trends were seen in the off-normal emittance bands as were seen with the normal. We looked specifically at the emittance at 30°and 60°and selected the peak wavelength emitted at those angles. There is a trend that as the angle θ increases, the peak of the emittance shifts to shorter wavelengths. This is due to the fact that the phase accumulation inside each layer decreases as the angle of incidence increases. This decrease can be compensated for by decreasing the wavelength [25] . This trend can also be seen in Fig. 5 , where we show the emittance as a function of wavelength and angle for the six-layer genetic-algorithm-optimized aperiodic structure. Qualitatively, the periodic structure's peaks possess larger FWHM for both wavelength and angular emittance peaks than the genetic-algorithm-optimized aperiodic structures. We also note that the genetic-algorithm-optimized aperiodic structures' peaks shift more in angle with decreasing wavelength than do those of the resonant cavity design. This difference is related to the higher quality factor of the resonances, Q λ∕δλ, of the aperiodic structures, which leads to higher sensitivity to changes in angle of incidence.
B. Wien Wavelength
The Planck blackbody spectrum introduces temperature and wavelength dependence into the spectral radiance Bλ; T of a blackbody:
where h is Planck's constant, c is the speed of light, and k B is the Stefan-Boltzman constant. In principle, the power spectrum μλ for any material or structure with emittance ϵλ is μλ ϵλBλ; T:
Here, we seek to maximize such emittance while accounting for the melting points of the materials used. We can calculate the maximum of B as a function of wavelength by setting ∂B∕∂λ 0. This results in the following equation:
where x hc∕λk B T. Once solved, Wien's displacement law is extracted:
where x is the solution of Eq. (5), x 4.96511…. Considering melting points for silicon, silica, and tungsten, silicon has the lowest melting point of 1690 K. Allowing a small safety margin, we reduce this temperature to 1500 K and make use of Wien's displacement law to calculate the Fig. 2(a) . (b) Angular emittance for the periodic structure described in Fig. 2(a) . Fig. 5 . Emittance as a function of wavelength and angle for the six-layer genetic-algorithm-optimized aperiodic structure described in Fig. 2(a) .
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Vol. 31, No. 6 / June 2014 / J. Opt. Soc. Am. Bappropriate wavelength for maximum power output to be λ 1.931 μm. As before, we consider structures of six, eight, and 16 layers composed of alternating layers of silicon and silica. In each case, we minimize the fitness function, Fλ 0 [Eq. (2)], subject to the constraint that the normal incidence emittance ϵ Total λ 0 ; θ 0° ≥ 0.95. We chose this wavelength and optimized the same six-, eight-, and 16-layer aperiodic structures for angular and wavelength-selective emittance here. Again, as we saw in Fig. 2 , the same trends appear in Fig. 6 , with the six-layer structure showing a well-defined peak in both angular and wavelength space, the eight-layer structure improving upon what the sixlayer offered, and the 16-layer further increasing angular and wavelength selectivity. More concretely, the six-layer structure offers a selective emitter, with a δθ 6 14.4°and δλ 6 11.1 nm. The eight-layer optimized structure performs better by nearly a factor of two with a δθ 8 8.1°and δλ 8 3.2 nm. The 16-layer optimized structure outperforms the eight-layer structure by another factor of two and is a full factor of four better than the six-layer structure with a δθ 16 3.6°and δλ 16 0.5 nm. These results can be found for at-aglance comparison in Table 2 .
C. Aperiodic Structure as the Emitting Portion of a Detector CO is a colorless, odorless, and tasteless gas that is poisonous to humans. One of the molecular resonances of CO occurs at λ 4.7 μm [26] . Here, we consider constructing the emitting portion of a low-cost detector for CO utilizing a quasi-coherent thermal source emitting at the transition frequency.
By heating the designed structure, light is emitted at one of the resonant frequencies of CO. Via absorption spectroscopy, one may use a detector that searches for dips in the intensity of the 4.7 μm light, which would signify an increase of the concentration of CO in the air, thereby setting off the alarm.
With this application in mind, we chose λ 0 4.7 μm, and we designed optimized structures. These results are depicted in Fig. 7 . Again, the same trends are found that increasing the number of layers increases both the angular and wavelength selectivity. At 4.7 μm, the selectivity of each of the six-, eight-, and 16-layer structures was notably higher than at previously optimized wavelengths.
At this wavelength, the six-layer structure performed a factor of two better than the structure optimized for λ 0 1.931 μm with a δθ 6 8.2°and δλ 6 4.4 nm. The eight-layer structure showed marginal improvement over the six-layer with δθ 8 5.4°and δλ 8 2.2 nm; however, the 16-layer optimized structure showed more than a factor of three overall improvement, with a δθ 16 1.8°and δλ 16 0.2 nm. These results can be found for at-a-glance comparison in Table 3 . 
CONCLUSIONS
We have designed a series of aperiodic structures that have been optimized to produce narrow angular emittance profiles and also display narrow-wavelength emittance. We compared the angular and spectral FWHMs of the genetic-algorithmoptimized aperiodic structures to the ones of the resonant cavity design. We have demonstrated that angular selectivity increases with the number of layers and noticed a strong correlation between angular selectivity and spectral selectivity. We have presented an additional structure that has a use as a quasi-coherent emitter optimized to operate at the Wien wavelength corresponding to a near-maximum operating temperature for a silica-silicon structure. Finally, we have outlined a low-cost method for constructing the emitting portion of an absorption spectroscopy detector for CO.
As final remarks, we have discussed several specific structures that can be tuned to emit at a wide variety of wavelengths. We note that due to the wavelength dependence of the dielectric permittivity of the materials used in the design, one cannot simply scale the layer thicknesses by a factor to scale the operating wavelength by that same factor. In other words, the optimized designs are not scale invariant, so the optimization process must be carried out at the new desired wavelength. In all cases, we found that the optimal structures were unique. In other words, if the stochastic genetic optimization process is repeated, it converges to the same result. Finally, for structures designed as emitters, there is a question of how performance will change as temperature is varied. It is known that temperature variations tend to primarily modify the material losses [27] . We found that, if the material losses change, we can still use the same genetic-algorithm-optimization approach to design highly directional, narrowband emitters. Thus, our approach can be used to design structures at a desired operating temperature. We also found that the effect of layer thickness variations due to thermal expansion on emittance can be neglected [27] . 
